L arge precast wall panel construction has been used extensively in Europe over the past 50 years. The use of a large panel system has several advantages including high quality of the product and a short construction time. This makes precast concrete buildings both economically and aesthetically competitive with other types of construction.
L arge precast wall panel construction has been used extensively in Europe over the past 50 years. The use of a large panel system has several advantages including high quality of the product and a short construction time. This makes precast concrete buildings both economically and aesthetically competitive with other types of construction.
The excellent performance of the large panel system was observed in the 1977 Romanian earthquake and the 1988 Armenian earthquake as reported by Fintel.U A report by Ghosh 3 on the 1995 earthquake in Kobe indicates that structures employing precast concrete shear walls performed very well. These structures , mostly mid-rise apartment buildings , suffered no damage except so me minor cracking and spalling of concrete near the foundation . Despite this good performance, the North American building codes limit the use of these types of systems in high seismic zones.
LITERATURE REVIEW
The behavior of precast wall panels h as bee n s tudied a na ly ti ca ll y by Becker and Llorente; Schricker and Powell , 5 Pall and Mars h, 6 and Pekau and Hum .' These studi es have been limited to simple walls (i.e., without coupling beams) or coupl ed walls with verti ca l jo ints o nl y. Ki a no ush and Scanl o n 8 · 9 s tudi ed th e in e las ti c response of precast wa ll pa nels with coupling beams. There have been some experimental tests of precast panel wall systems in the past. Smal l scale models have been tested by Oli va an d Sh ahrooz 10 and Oliva et a!." The strength of wall panel joints has been experimentally studied by Soudki et a!. , "· 14 Ri zkalla et a!. , 15 Foerster et al. , 16 Hutchinson et a!. ," Mattock and Hawkins, 18 and Shiohara et al .
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Precast panel systems can be used in seismic areas provided that the connections behave similarly to those used in monolithic cast-in-place concrete construction. Fig. 1 shows a "platform" co nnecti o n detail th at is co mmonl y used in North America. For this type of detail , the monolithic des ign concept implies that the con necti ons must be strong enough to form plastic hinges at th e base of th e wa ll. Beca use th e strength and stiffness of the horizontal co nn ec ti ons are co nsiderabl y lower than the wall panels, precast walls require considerable detailing in order to meet the above requirement. This can be very difficult from an economic and construction perspecti ve.
An alternati ve approach is to apply the prov isions fo r cast-in -pl ace concrete structures to large panel systems, pro vid ed th at th ose prov isio ns are modified to meet the seismic strength requirements consistent with the available du ctility of precas t structures . The lateral fo rce provisions of existing codes can be used if the inelastic defo rm ati on demands in the horizontal connections are accounted for.
Th e ad va ntage of usin g co upling bea ms in precas t wall sys tems has been discussed by Kianoush and Scanlon. 9 The study showed that coupled wall s prov id e bette r stru c tural response compared to isolated walls. An optimum des ign approac h can be a combin ation of energy diss ipation in coupling beams with some controlled amount of inelastic action in the horizontal connections.
Clough 20 has proposed a practical design approach that specifically considers both strength and inelastic deformati on of members. Fi g. 2 shows the di spl aced configuration of a onestory coupled wall structure with slend e r co uplin g bea ms. Base d o n Clough' s des ign meth od, and usin g the predicted inelastic displacement at the top of the structure, hinge rotati ons and vertical and horizontal displacements ca n be obtain ed by applyin g simple trigonometric relationships.
In th e c urre nt s tud y, Cl o ug h 's method has been modified and applied to a ten-s tory precast coupled shear wall structure. Results of this study are presented in terms of di splaced configuration, gap opening and its di stribution over the length of the horizontal connection, and beam forces and ductilities over the height of the structure. These resul ts are based on the assumpti on th at the stru cture is located in Seismic Zones 2, 3 and 4 as specified by the UBC.
'
In the current investigation, analytical studies are also carried out to compare the results with Clough's method. Thi s is es ta blis he d b y co mp a ri ng Clough's results with those of the nonlinear finite element method.
CLOUGH 'S DESIGN METHODOLOGY
In thi s secti on, the basic ass umpti ons, design methodology, and application s to co upl ed wall s wi th both slender and deep beams are discussed.
Basic Assumptio ns
It is assumed that the wall rotates about its corner. The gap opening is the only mode of deformation for the horizo nt al joints while slidin g has been neglected. Previou s analytical studies by Kianoush and Scanlon 8 · 9 on th e be hav ior of a ten-story precas t wall sys tem showed th at fo r wa ll s contai ning post-tensioning bars as vertical continuity, the mode of failure was primaril y due to slip with some limited gap opening occurring at the hori zo ntal co nn ection s. Th e North American "pl atform" type of connec- ti on was used in th e in ves ti gati on. However, when mild reinforcing bars were used instead of post-ten sioning as vertical continuity, the mode of failure changed to rocking with a small amount of slip occurrin g mainl y at lower story levels. Due to the effect of aggregate interl ock, interface shear transfer and dowel action of reinforcement, the amount of slip was reduced considerably ; the maximum calculated amount of slip in thi s case was less than 1 mm (0.039 in .).
A study by Oli va et a!.
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' suggests th at a hori zo ntal co nn ec ti on detail with adequate shear keys at the corner of the wall panels will circumvent a shear slip mechanism. This connection detail was used in their experimental in vestigation on the behav ior of precast wall systems. An ex perimental study by Soudki et a!.
14 also showed that the use of grouted shear keys significa ntly enh ances the shear resistance of the horizontal joint in precast wall panels.
Design Methodo logy
The design methodology proposed by Clough for jointed precast concrete structures can be summarized by the simplified flowchart shown in Fig. 3 . Maj or co mponents of the methodology are described below.
As the initial step, the fundamental period of the structure should be evaluated. The code-spec ified base shear usin g static analys is mu st be es tablished. This is achieved using the two load co ndition s shown in Fi g. 4 and described as fo llows: 
Globa l Inelastic Displacement 
1.
The usual load condition describing the structure 's required ultimate capacity (Fy). The UBC" strength criterion is used to define the ultimate capacity. Assuming that the behavior of the structure is elasto-pl astic, the ultimate capacity is the same as the yield capacity.
2. An auxiliary load condition describing the maximum seismic force that the structure would experience if it had infinite strength, referred to as the "Elastic Strength Demand" (ESD). Loads defining the ESD are derived from ATC-322 base shear formulas using an R value of 1.0.
A convenient approach to perform static analyses is to work initially with an equivalent static load case of " unit" magnitude . The " unit" base shear would be di stributed over the structure' s height according to UBC provisions. Based on the results of the static analysis, seismic loads can be determined and the value of R, the response modification factor, can be established as follows:
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In selecting an appropriate R value, factors such as the observed system performance durin g earthquakes, damping, redundancy and other effects mu st also be considered. Using the calculated R value, if hi gher force s and reduced ductility are required, R design < R can be used. Otherwi se,
value is used to calculate the new base shear for design as shown below:
The next step in the design process is to predict the global inelastic displacement of the structure. Thi s is achieved using the equal energy concept de sc ribed by Newm ark and HalF 3 For structures with a fundamental period in the range of 1 /s to 1 12 second, Newmark and Hall have shown that peak internal strain energies of elastic and elasto-plastic SDOF systerns subjected to seismic forces are approximately equal. Thi s fact can be used to estimate the maximum inelastic di splacement of an elasto-plastic SDOF system . Fig. 4 compares the force-displacement relation ship s for elastic and elasto-plastic SDOF systems. For either the elastic or elasto-plastic systems , the area under the force -displacement curve is the strain energy absorbed by the syste m. The elastic system is under the force equal to the ESD. The elasto-plastic system is di splaced by an amount Dep• the maximum inelastic displacement the structure wou ld experience under the de sign earthquake , ass uming its strength is less than the ESD. By the "equal energy" concept of Newmark and Hall, D ep is the value that makes a trapezoidal area equal to the triangular area of the elastic system under the displacement De.
As shown in Fig. 4 , Dep consists of two components. One is the elastic di splacement, D , which is the dis-placement the structure experiences before yield. This value is obtained by scaling upward or downward the results of the unit load static analysis according to the code-specified base shear. The other component is the plastic displacement, DP, which can be easily calculated because the shaded areas are equal.
Using the predicted inelastic displacement at the top of the building, a kinematic analysis can now be performed to determine the corresponding deformations at individual joints.
In the kinematic analysis, inelastic displacements are significantly larger than the structure's elastic deformations. Thus, motions of vertical elements (such as walls, or similar stiff elements) can be approximated as rigid body rotations about their respective foundations, with concentrated hinge lines or hinge points where they intersect the horizontal elements (such as floor and roof systems).
As was shown in Fig. 2 , calculations of hinge rotations and vertical and horizontal displacements that correh, J spo nd to the lateral plastic displacement at the top of the structure can be made by applying simple trigonometric relationships.
Applications to Coupled Walls With Slender Beams
Fig . 5 shows the deformed shape of a ten-story coupled shear wall building with slender beams connecting the two walls. It should be noted that base rotations and vertical and horizontal displacements are related by applying the approximation of rigid body rotations. This approximation is justified by the fact that the elastic deformations are insignificant when compared with the inelastic deformations.
Both the wall panels on the left and the right are treated as a rigid body and they experience the same amount of displacement and rotation. Plastic hinges are assumed to form at both ends of a beam element and rotation of the wall panel is assumed to occur about the panel edge at the bottom. The ductility at each floor is calculated using a gap opening ratio of 40, 30, 20, and 10 percent at the base, first, second, and third floors, respectively (Clough 20 Calculations of hinge rotations and vertical and horizontal displacement corresponding to the lateral plastic displacement at the top of the building can be made by applying simple trigonometric relationships. Appendix A(a) summarizes the general equations and values of the rotation angles for this specific case. Details on the derivation of these equations are explained by Yu.
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Calculation of Beam Ductility Demand -The ductility demand can be defined in terms of rotation angles. In ends, the yield rotation can be determined using the following expression: The ductility of a coupling beam is defined here as the ratio of the maximum extension of the di agonal reinforcement divided by the extension at the yield level. The max imum extension is evaluated geometrically by calculating the difference between the extended di agonal le ngth and its initial length by using the fo llowing relati ons:
Once the extension is calcul ated fo r the member, the beam ductility can be obtained as foll ows:
where Extension
J.L=----L1y
( 12)
L1y = yield extension of the diagonal reinforcement f y = yield stress of the diagonal reinfo rcement L = total length of the diagonal reinforcement E =m odulu s of elas ticity of reinforcement Similar relationships can be deri ved fo r the case of a building taller th an one story. For a ten-story building, the plastic rotations are expected to di stribu te among the lowest hori zontal floors rather than concentrating at the base onl y . Th e di stribution of ga p openings is ass umed to be si milar to those of slender beams.
Fi g. 8 shows the di splace me nt pattern of a ten-story building. The ductility at each fl oor is calculated using the same di stribution of gap openings as above . The ex tended length of the diagon al bars at the first four levels is 
APPLICATION OF CLOUGH'S DESIGN METHOD TO A TEN-STORY COUPLED WALL STRUCTURE
Thi s section provides a description of the structure, the behavior of coupled walls with deep bea ms and a compari so n of co upl ed walls with slender beams vs. deep beams.
Description of Structu re
D e ta il s and dim e ns io ns of th e structure se lected fo r thi s study are shown in Fig. 9 . Th e structure is a large panel co upled shear wall with horizontal connections at each fl oor level. The coupling beams used are either deep beams of 1000 mm (39.4 in .) depth or slender beams of 700 mm (27 .6 in .) depth . It is ass umed that the co uplin g beams are precast with wa ll panels. Thi s is th e same structure that was used in prev ious studies by Ki anou sh and Sca nl on. 9 The structure is assumed to rest on a rigid base and the floor slabs are considered infinitely rigid. The structure is designed for three different seismic zones with zonal velocity ratios of 0 .2, 0.3 and 0.4 as specified by the UBC. Details of the design method will be illustrated with the aid of a design example.
The fundamental period of the structure was determined using the November-December 1996 SAP-IV 28 computer program and found to be 0.32 second. The effect of the horizontal joints and possible softening that may occur as a result of a gap opening were considered by assigning the strength and stiffness of the joints to be 50 percent of wall panels (Backler and Baylick 29 ) . Because the funda- mental period of the structure is between 1 /s and 0.5 second, the equal energy concept can be used. In this period range, the effects of higher modes of vibration are small and the SDOF approximation can be used, which will provide sufficient accuracy for practical purposes. spectively. In Clough's method , it is assumed that the wall will reach its ultimate flexural capacity and rotate about its corner irrespective of the level of earthquake intensity. Choosing the wall corner to be the point of rotation appears to be conservative in terms of estimating the gap opening. spectively. Because the contribution of vertical continuity reinforcement to the overall stiffness of the structure was not considered, the displacements estimated using this method can be somewhat conservative. Fig. 10(c) shows the internal forces in the coupling beams for the three seismic zones considered and 
Comparison of Coupled W alls With Slender Beams vs. Deep Beams
To study the behavior of coupled walls with slender coupling beams, it was assumed that the structure is lo-PC I JOURNAL cated in Seismic Zone 3 as specified by the UBC, i.e., v = 0.3. The depth of coupling beams was assumed to be 700 mm (27 .6 in.) at every floor level and the yield moment of these beams was assumed to be 500 kN-m (368 .7 kip-ft). The behavior of coupled walls with slender beams is compared with those of deep beams as shown in Fig. 11 . Fig. 11 (a) shows the horizontal deflection at each floor level. Coupled walls with slender beams show larger deflections. This is mainly due to the larger stiffness of deep coupling beams as compared to the slender beams. For the same reason, coupled walls with slender coupling beams show larger gap openings, as indicated in Fig. 11 (b) . Fig. ll(c) compares the beam ductility ratio of slender beams with deep beams. For slender beams, the ductility ratio was determined based on rotations as described earlier. The very high ductility demands indicated for slender beams can be attributed, at least in part, to the calculation of yield rotation based on an uncracked section, which underestimates the rotation at onset of yielding.
MODIFICATIONS TO CLOUGH'S DESIGN METHOD
In Clough's design method, it is assumed that wall rotation takes place about its corner. However, results from this study using the finite element method indicate that the wall rotation takes place approximately at a distance of one-third of the length of the wall panel from its comer. Studies by Becker and Llorrente, and Kianoush and Scanlon 4 · 9 have indicated that wall rotation takes place at a distance of one-sixth to one-half away from the wall corner.
In thi s study, Clough ' s design approach is examined by assuming that the wall rotation takes place at a distance of one-third from its corner. Based on such an assumption, Fig. 12 shows the displacement pattern of a one-story coupled wall structure with diagonal bars connecting the two walls. This will be referred to as the modified Clough's method. 
----------------------------------------, ---

ANALYTICAL INVESTIGATION
Analytical studies were performed to compare the results with Clough's design method. An inelastic model is used to model precast panel systems with coupling beams under the effects of static loading. The modeling of different components of the structure is described as follows (see also Appendix B).
• Wall Panels-Plane stress element with linear elastic properties of concrete and horizontal and vertical bars.
• Horizontal Connections -Concrete: inelastic springs with finite strength and stiffness in compress io n and zero stre ng th a nd stiffness in tension to model a gap opening across the joint. The maximum co mpress ive stre ngth C ere) and the initial compress ive sti ffness (£ 0 ) fo r the horizontal connection is ass umed to be 50 perce nt of th e p a ne l stre ng th a nd stiffness. -Vertical mild steel reinfo rcement:
tru ss e le ment with elasto-pl astic properti es .
• Deep Coupling Beams -Inelasti c truss elements representing diagonal bars w ith yielding in tensio n a nd buckling in compression. Eight perce nt stra in harde nin g is ass ig ned based o n ex perime ntal res ults by Barney et al. , 25 Paulay and Binney, 26 and Paulay and Santhankumar.
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The computer program PC-ANSR 3 ' was used fo r the analys is. Thi s is a general purpose program for inelastic static and dynamic analysis. Thi s program was originally developed at the Uni versity of Califo rni a at Berke ley. For the current study, onl y an inelastic static a na lys is was co ndu c ted . Th e o nl y modi ficatio n made to the program was the inclusion of a fo ur-node rectangul ar plane stress element with eight degrees of freedom to represent the wall panels that are assumed to remain lin ea r el as ti c thro ug ho ut th e analysis.
Selection of Parameters fo r the Ten-Story Coupl ed W all Stru cture
The finite element discretization and the material properties of the ten-story structure used fo r the inelastic static analysis are shown fo r a typical fl oor in Fig. 13 . The amoun t of vertical continuity re inforcement selected is calculated based o n the co ncept used by Clough, 20 which assumes that the wall rotates about its corner and all the res istin g mo ment is prov id ed by the steel reinfo rcement and the dead load.
The a mo unt of vertical rein fo rcement provided fo r the wall panels for the three seismic zones is also given in Fig. 13 . It is assumed that the amount of reinforcement is similar throughout Fig. 13 . Finite element discretizatio n and properti es of the te n-story structure.
PCI JO URNAL the height of the structure. This includes concentrated reinforcement placed at the corner of the walls and distributed reinforcement placed uniformly at other locations within the walls. In this study, deep coupling beams are used. The design of the diagonally reinforced coupling beam was based on a statically determinant model.
COMPARISON OF ANALYTICAL RESULTS WITH CLOUGH 'S DESIGN METHOD
For the finite element analysis (FEA), the ten-story structure described above was analyzed using a static analysis. The same lateral loads used in Clough ' s method were applied to the structure at each floor level. These loads were determined based on the UBC equivalent static analysis. The results of the FEA are compared with those obtained from Clough's method. A comparison is also made with the results obtained from the modified Clough's method, which assumes that the wall rotation takes place at a distance of one-third from its corner.
Gap Openings
Fig. 14 shows the distribution of the gap opening over the height of the structure as predicted by Clough's method, the modified Clough's method and the FEA for three seismic zones. The maximum gap opening using the FEA is almost the same for all three cases. This is mainly due to the different amounts of reinforcement used in the structure in the three seismic zones.
The amount of gap openings determined using Clough's method is greater than those obtained from the FEA for all cases. However, the results obtained using the modified Clough ' s method are closer to the results using the FEA. The difference gets larger by moving from low to high seismic zones. Fig. 15 shows the distribution of gap openings across the horizontal connection for the three seismic zones.
Results of the FEA indicate that approximately two-thirds of the length of November-December 1996 102 zones due to the fact that the elastic analysis, on which Clough's method is based, depends entirely on the gross concrete dimensions. Thus, when the structure is located in higher seismic zones and the amount of reinforcement is increased, Clough ' s forcedisplacement relationship remains unchanged. Consequently, larger deflections and larger gap openings are expected for higher seismic zones irrespective of the amount of additional reinforcement used. However, in the FEA, as the reinforcement ratio is increased, the stiffness of the structure increases accordingly; this will have an effect on the deflections and gap openings. Results of the FEA showed that in all seis mic zones, the maximum compressive stresses in the joint region never reached the joint crushing strength of concrete when the gap opening reached its maximum value.
i-1~------
Internal Forces and Ductilities of Coupling Beams Fig. 16 shows the internal forces of the coupling beam s as determined using the three different methods for three seismic zones. The forces calculated using Clough 's method are higher than those determined using the FEA . Thi s is due to the fact that in Clough's method, the stiffnesses of the coupling beams are calculated using gross uncracked sections. This overestimates the stiffness of the beam and exaggerates the coupling force that the beams can transfer.
In the FEA, the stiffnesses of the coupling beams which are likely to decrease drastically as concrete cracks, are considered by representing the deep beams as inelastic diagonal truss elements. Consequently, the beams' tendency to transfer shear forces decreases and thus their internal forces decrease as the diagonal reinforcement is left alone to resist the coupling effect.
For v = 0.3 and 0.4, the bar forces fo r Clough's and the modified Cloug h 's methods are almost the same. This is because in Clough's method and in the modified Clough's method, the internal forces in the beams do not increase significa ntly beyond their yield level. 
DESIGN EXAMPLE
The ten -story structure described earlier is designed using Clough's 
2.
Evaluation of the fundamental period -The fundamental period of the structure using the SAP-IV computer program as described previously was 0.32 second.
3. Elastic static analysis -A unit base shear of 1000 kN (224.8 kips) is distributed over the height of the structure in accordance with the UBC provisions. Tables la and lb show, respectivily, the distribution of the equivalent static loads at each floor level and the results of the elastic finite element analysis due to the distribution of these loads. The Response Modification Factor, R, is expressed as: 5. Assignment of member strengths and prediction of global inelastic displacements -The inelastic displacement of the structure is determined using the "equal energy concept." The roof level horizontal deflection according to Figs. 4 and 17 is found to be 40 mm (1.57 in.). The amount of gap openings in the horizontal joints and the ductilities of the coupling beams are determined using Eqs. (5) to (13) and also the equations in Appendix B(b). These values are shown in Fig. 10 .
Calculation of
Based on the value of Vdesign , the design forces in the members are determined from the unit load static analysis described above. Based on these results, the amount of concentrated reinforcement provided in the corners of the walls and distributed reinforcement provided along the wall sections are 1.43 percent and 0.62 percent of the gross concrete section, respectively.
The designs of the diagonally reinforced coupling beams are based on the statically determinant model described by Paulay. 32 The maximum calculated beam reinforcement ratio is 1 percent of the gross concrete section. 
CONCLUSIONS AND RECOMMENDATIONS
Based on the results of this study, the following conclusions and recommendations can be made:
1. This study showed that coupled walls with deep coupling beams provide satisfactory performance in all seismic zones. For the configuration used in the example structure, slender coupling beams showed large ductility demands that are beyond practical limits. However, by using uncracked sections to estimate yield rotations, the ductility demands have been overestimated. The ductility of deep coupling beams was found to be within acceptable limits.
2. Use of Clough's method to predict the response of the structure was found to produce conservative results . The use of the modified Clough's method instead of Clough's design method by assuming that wall rotation takes place at one-third distance away from its corner improved the results.
3. Clough's method predicted large rotations in both walls, which consequently induced high internal forces and high ductilities in the coupling beams. Taking the full gross moment of inertia of the uncracked coupling beams' sections in the elastic analysis overestimated the coupling effect and underestimated the walls ' contribution in resisting the overturning moments. The FEM showed that due to inelastic action in the coupling beams, the coupling effect was much less than that predicted by Clough's method.
4. In a precast wall system, it is most effective to use coupling beams with optimum strength to ensure that they reach beyond their yield level to dissipate energy. However, their level of ductility should be controlled to ensure that these ductilities are not excessive. This can be achieved using an iterative design procedure. In addition, due to the presence of the horizontal joints, precast walls are designed for lower ductilities (i.e., lower Rdesign values) in comparison with monolithic cast-inplace concrete. The horizontal connections should be of sufficient strength to resist seismic shaking. Adequate vertical reinforcement should be provided to ensure better structural response. The designer must also check that the vertical continuity bars are not ruptured at the horizontal connection level at the base of the structure, where the 22 .
.
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APPENDIX A-EQUATIONS FOR ROTATIONS AND DISPLACEMENTS
(a) Equations for rotation angles (slender coupling beams
